Herpes simplex virus 1 (HSV-1) establishes a lifelong latent infection in sensory neurons and can reactivate from latency under stress conditions. To promote lytic infection, the virus must interact with specific cellular factors to evade the host's antiviral defenses. The HSV-1 E3 ubiquitin ligase, infected cell protein 0 (ICP0), activates transcription of viral genes, in part, by mediating the degradation of certain cellular proteins that play a role in host antiviral mechanisms. One component of the cellular defenses that ICP0 disrupts is the suborganelle, nuclear domain 10 (ND10), by inducing the degradation and dissociation of the major organizer of ND10, a promyelocytic leukemia (PML) and ND10 constituent, Sp100. Because previously identified domains in ICP0 explain only partially how it directs the degradation and dissociation of PML and Sp100, we hypothesized that additional regions within ICP0 may contribute to these activities, which in turn facilitate efficient viral replication. To test this hypothesis, we used a series of ICP0 truncation mutants and examined PML protein levels and PML and Sp100 immunofluorescence staining in human embryonic lung cells. Our results demonstrate that two overlapping regions within the central N-terminal portion of ICP0 (residues 212 to 311) promoted the dissociation and degradation of PML and dissociation of Sp100 (residues 212 to 427). In conclusion, we have identified two additional regions in ICP0 involved in altering ND10 antiviral defenses in a cell culture model of HSV-1 infection.
H
erpes simplex virus 1 (HSV-1) is an alphaherpesvirus that establishes latency in humans. Infections of individuals with HSV-1 can cause cold sores, potentially blinding ocular infections, and life-threatening encephalitis. The virus has a characteristic temporal cascade of gene expression ordered into three classes: immediate early (IE), early (E), and late (L). ICP0 (infected cell protein 0) is one of the five IE proteins that facilitates viral gene expression and impairs the host's antiviral responses to infection. Although not an essential protein, ICP0 plays a key role in the establishment of lytic infection and reactivation from latency (1) (2) (3) . ICP0 is a RING-finger-containing E3 ubiquitin ligase (4) . E3 Ub ligases direct the attachment of ubiquitin molecules to target proteins, regulating their function or marking them for degradation by the proteasome. The ubiquitin-proteasome system has been characterized as a major component for cellular protein degradation, whose biological functions extend to the regulation of basic cellular processes (5) (6) (7) (8) . Through its E3 ligase function, ICP0 transactivates viral gene expression from all three kinetic classes and impairs cellular intrinsic (9, 10) and innate (11) (12) (13) antiviral responses, which include chromatinization of the viral genome (14) (15) (16) , inactivation of the DNA damage response (10, 17, 18) , and the induction and establishment of the type 1 interferon response (11) (12) (13) .
As previously mentioned, ICP0 performs an important role during viral infection by counteracting host antiviral defenses. In addition to impairing the interferon response, ICP0 interferes with intrinsic defenses, which act to immediately suppress one or more steps in the HSV-1 life cycle (19) (20) (21) (22) . Key components of the host's intrinsic resistance to viruses are PML (promyelocytic leukemia) nuclear bodies, also known as nuclear domain 10 (ND10) (23) (24) (25) . This dynamic subnuclear complex contains a variety of proteins that are recruited to these nuclear domains by PML, a major constituent of ND10 (20, 26) . Other components of ND10 include the cellular proteins Sp100, hDaxx, and ATRX (20, 25, 27) . ND10 is associated with cellular processes that include DNA damage, protein degradation, apoptosis, senescence, and interferon signaling (20, 22, 28, 29) .
It has been hypothesized that ND10 and its constituent proteins repress transcription of the virus by enveloping viral genomes and limiting their interactions with host factors that stimulate viral transcription (30, 31) . Consequently, the activation of viral gene expression by ICP0 is linked to its ability to disrupt ND10 by directing the dissociation and/or degradation of ND10 constituents such as PML and Sp100 and their SUMO-modified forms (27, 32) . Further support for the idea that ND10 components play important roles in the function of ICP0 and the HSV-1 life cycle comes from the key observation that an ICP0 null mutant can be partially complemented by cells depleted of PML, Sp100, hDaxx, or ATRX (19, 21, 27, 31, 33) , with a further enhancement in viral replication when cells are depleted of two or more of these proteins (21, 31) .
To date, only three domains or motifs in ICP0 that mediate the disruption of ND10 via the dissociation and/or degradation of PML, Sp100, hDaxx, and/or ATRX, have been identified. Specifically, the RING-finger motif (Fig. 1) , which directs the E3 ubiquitin ligase activity of ICP0, is required for the dissociation of ND10 components (34) . In addition, a portion of the C terminus (amino acids 633 to 767; Fig. 1 ) of ICP0 contains an ND10 localization domain (35, 36) ; this domain and the nuclear localization signal (NLS; Fig. 1 ) of ICP0 facilitate its dissociation and degradation of PML and Sp100 and ND10-disrupting activities (36) (37) (38) . Recently, Cuchet-Lourenço et al. reported interactions between an N-terminal region of ICP0 (amino acids 1 to 388) and a single PML isoform (I) in yeast two-hybrid assays (39) , suggesting one potential mechanism by which ICP0 directs the degradation and/or dissociation of PML. Because all of these domains in ICP0 provide only a partial explanation as to how ICP0 alters PML and Sp100 levels, we hypothesized that additional regions within ICP0 likely contribute to PML and/or Sp100 dissociation/degradation, which in turn facilitates efficient viral replication. Consequently, we performed structure-function analyses using a series of ICP0 truncation mutants ( Fig. 1 ) and examined PML levels by flow cytometry and Western blot analyses and the subcellular localization of PML, Sp100, and ICP0 by immunofluorescence. Overall, our results indicate that we have identified two minimal regions in ICP0 that affect PML and Sp100. Specifically, the first 311 N-terminal amino acids of ICP0 promote the dissociation and degradation of PML and the first 427 amino acids the dissociation of Sp100; residues from 212 to 311 and from 212 to 427 within this N-terminal half of ICP0 are required for both of these activities, respectively.
MATERIALS AND METHODS
Cells and viruses. HEL-299 (human embryonic lung) cells and Vero (African green monkey kidney) cells were maintained at 37°C in 5% CO 2 and cultured in either alpha minimum essential medium (␣MEM) for HEL-299 cells or Dulbecco's modified Eagle medium (DMEM) for Vero cells, supplemented with penicillin (100 U/ml), streptomycin (100 g/ ml), and 2 mM L-glutamine and 10% or 5% fetal bovine serum (FBS). A human embryonic lung-derived cell line, WI-38ϩPML-green fluorescent protein (GFP) cells, and L7 cells (Vero cells stably transformed with the ICP0 gene) were grown and maintained as previously described (40, 41) . Wild-type (WT) HSV-1 (strain KOS), strain 7134 (an ICP0 null mutant), and ICP0 truncation mutants (n212, n428, n525, n680, and n720) were propagated as previously described (1, 3) . Titers for the ICP0 mutant viruses were determined on L7 cells.
pAlter-1ϩICP0 was used to create the n312 and n389 ICP0 truncation mutants by inserting a nonsense Spel linker while removing a specific restriction site (either NruI or NotI) with the pAlter site-mutagenesis kit following the manufacturer's instructions. Introduction of the mutations into the plasmid was confirmed by DNA sequencing. Mutant viruses were generated by cotransfection of the respective mutation-containing plasmid and 7134 genomic DNA at a ratio of 3 g:1 g into Vero cells plated in 60-mm-diameter dishes at 3 ϫ 10 5 cells per plate. Selection of mutant viruses was performed using white/blue selection in the presence of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) and Phenol red for at least three subsequent rounds and confirmed by Southern blotting.
Flow cytometry. WI-38ϩPML-GFP cells were plated at 5 ϫ 10 5 cells per well in 6-well plates. At 24 h later, the cells were infected at a multiplicity of infection (MOI) of 5, 10, or 20 (as shown in Fig. 2 ) with KOS or one of the ICP0 mutant viruses for 1 h at 37°C. WI-38ϩPML-GFP cells express the first 539 N-terminal amino acids of PML fused with GFP. Infected cells were washed 3 times with phosphate-buffered saline (PBS) to remove unabsorbed viruses and placed back into growth medium. For each time point, cells were washed three times with PBS, trypsinized, resuspended twice in 0.5% bovine serum albumin (BSA)-PBS, and fixed with 4% paraformaldehyde-0.5% BSA-PBS. Fluorescence levels were monitored in a Beckman flow cytometer (BD, Biosciences), collecting at least 20,000 events per sample. Results were analyzed using CellQuest software (BD Biosciences).
Western blot analyses. HEL-299 cells were plated at 5 ϫ 10 5 in 6-well plates. At 24 h later, the cells were infected at an MOI of 5 with KOS or ICP0 mutant viruses. An MOI of 5 was used in these experiments and in our immunofluorescence assays (see the next section) to ensure that Ͼ95% of cells in culture were infected with HSV-1. At 6 or 9 h postinfection (hpi), the cells were washed 3 times with PBS prior to being scraped into boiling 1ϫ Laemmli buffer containing protease inhibitors (1 g/ml aprotinin, 1 g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride), vortexed, and heated for additional 5 min at 95°C. A 7.5% proportion of each sample was resolved using 4% to 12% Bis-Tris gradient gel (Invitrogen) and subsequently transferred to nitrocellulose membranes. Membranes were blocked for 1 h at room temperature with 2% nonfat dry milk in Tris-buffered saline with 0.05% Tween 20 (TBS-T). Blots were probed for ICP0 overnight at 4°C (H11060; Santa Cruz Biotechnology) in blocking buffer. After three washes with TBS-T, membranes were probed with goat anti-mouse IgG-horseradish peroxidase (HRP) (Jackson ImmunoResearch). After an additional three washes with TBS-T, the membranes were developed using ECL reagents (SuperSignal West Femto chemiluminescent substrate; ThermoFisher Scientific). The membranes were then washed with TBS-T prior being stripped for 30 min at 50°C in 100 mM 2-mercaptoethanol-62.5 mM Tris (pH 6.7)-2% SDS. Blots were again blocked as before prior to being probed overnight for PML (A301-167A; Bethyl Laboratories) and ␤-actin [(I-19)-R; Santa Cruz Biotechnology], both diluted in blocking buffer. After washing, the membrane was incubated with goat anti-rabbit IgG-HRP (Jackson ImmunoResearch) and developed as before. All images were assembled using Adobe Photoshop and Adobe Illustrator.
Immunofluorescence. HEL cells were plated 24 h prior to infection at 50% confluence on collagen-coated coverslips. Cells were infected at an MOI of 5 with KOS or each mutant virus in ␣MEM as described above. At specific time points, the coverslips were washed with PBS and fixed and permeabilized as previously described (42) Coverslips were labeled with primary antibody by incubation for 1 h in a tissue culture incubator at 37°C, washed three times with PBS, labeled with secondary antibody in the same manner as the primary antibody, washed three times with PBS, and then mounted onto slides using ProLong antifade (Invitrogen). The primary antibodies used were ICP0 (H11060 or rabbit polyclonal IgG PAC 3678; Pacific Immunology), PML (A301-167A, Bethyl Laboratories, or sc-5621, Santa Cruz Biotechnology), and Sp100 (sc-16328; Santa Cruz Biotechnology); the secondary antibodies were goat anti-mouse IgG2b Dylight 488 (Jackson ImmunoResearch), goat anti-rabbit IgG Rhodamine Red-X (Jackson ImmunoResearch), donkey anti-rabbit IgG Dylight 594 (Jackson ImmunoResearch), and cow anti-goat IgG Dylight 488 (Jackson ImmunoResearch). All antibodies were diluted in 0.5% FBS-0.5% BSA-PBS. Slides were examined using a Nikon Eclipse TE-2000 U fluorescence microscope and photographed using with a CoolSNAP EZ digital camera (Photometrics) with NSI Elements Software (Nikon). Images were assembled in Adobe Photoshop and Adobe Illustrator. At least 100 cells that expressed ICP0 were examined for PML or Sp100 staining to quantify the extent to which the WT or each mutant form of ICP0 altered the staining of either cellular protein. Cells were categorized as staining either positive or negative for PML or Sp100. Criteria for negative staining included cells that lacked antigen expression, had half or less the intensity of staining, or had half or less the number of puncta seen with the negative controls (mock-and 7134-infected cells). In addition, we observed a minor degree of HSV Fc receptor staining and took this staining profile into account when we examined PML localization in HSV-1-infected cells.
RESULTS
ICP0 mutants mediate the dissociation and degradation of exogenous PML. ICP0 has been shown to promote the degradation of the PML antiviral protein (38, 43, 44) . To better understand how ICP0 induces the dissociation and degradation of PML from ND10, our approach was to identify a new region(s) within ICP0 other than its RING finger and its C terminus that plays a role in these functions. For these studies, we used a series of viruses in which nonsense linkers had been inserted into the ICP0 gene, giving rise to forms of ICP0 progressively truncated at its C terminus (Fig. 1A) (1). To initially monitor the dissociation of PML, we The MFI (mean fluorescence intensity) of each sample was used to calculate the relative fluorescence compared to that of the mock-infected cells (assigned the value of 100%). 6 hpi, n Ն 13 independent experiments; 12 hpi, n Ն 5 independent experiments. Data were analyzed using one-way analysis of variance (ANOVA) and Tukey's b multiple-comparison posttest. Asterisks indicate significant differences (P Յ 0.05) relative to mock-infected cells. (C) PML-GFP-expressing cells were mock infected or infected at an MOI of 5, 10, or 20 with KOS, n212, or 7134. The MFI of each sample was used to calculate the relative fluorescence compared to that of the mock-infected cells (assigned the value of 100%). 12 hpi, n Ն 2 independent experiments for each MOI. Data were analyzed using one-way ANOVA and Tukey's b multiple-comparison posttest. Asterisks indicate significant differences (P Յ 0.05) relative to mock-infected cells.
examined exogenous PML-GFP fluorescence in a human embryonic cell line by flow cytometry, a method successfully used by our laboratory to monitor ICP0's E3 ubiquitin ligase activity (40) . To examine and quantify the loss of PML-GFP fluorescence induced by WT HSV-1 (strain KOS) and each ICP0 mutant virus, cells were mock infected or infected with KOS or each ICP0 mutant, and the fluorescence signal of each sample was examined at 6 and 12 hpi ( Fig. 2A and B) . In Fig. 2A , histograms for mock-infected cells and cells virally infected at 6 hpi are vertically aligned. The "y" vertical line intersects the peak for the PML-GFP mock-infected sample. The "x" vertical line intersects the KOS and n720 peaks at 6 hpi, which showed a reduction in fluorescence compared to the mock-infected cell results. n680, n525, and n428 had curves with PML-GFP levels that fell between those of the mock-and KOSinfected samples. n212-and 7134-infected samples had curves with fluorescence intensities nearly identical to that of the mockinfected cells.
When we quantified the levels of PML-GFP fluorescence in cells, we noted that there were three statistically distinguishable groups. KOS and n720 were very efficient at inducing the loss of PML-GFP, with 12% to 20% levels compared to mock-infected cells, which were given a value of 100%. The next group of mutant viruses that were significantly different from KOS-and mockinfected cells consisted of n680, n525, and n428. Reduced (45% to 62%) levels of PML-GFP were observed for n428, n525, and n680, although these reductions were not as large as those resulting from infection by n720 or KOS (Fig. 2B) . The form of ICP0 encoded by n212 was the only truncation mutant unable to significantly decrease PML-GFP fluorescence (ϳ90% levels) for both time points, which were comparable to mock-and 7134-infected cell levels (Fig. 2B) . Furthermore, even when PML-GFP-expressing cells were infected with n212 at higher MOIs (10 and 20) for up to 12 h, PML-GFP signals were still largely unaffected (Fig. 2C) , suggesting that the defect was due to the inability of this mutant form of ICP0 to promote the efficient dissociation of PML.
Overall, these data show that the first 427 amino acids of ICP0 help facilitate the dissociation (and degradation) of PML-GFP from ND10 and that residues from 212 to 427 in this portion of ICP0 are required for these activities. Additionally, our results indicate that residues from 679 to 719 are necessary for ICP0 to efficiently promote the loss of PML-GFP. These data are in agreement with a previous study indicating a role for this region in the targeting of ICP0 to ND10s, facilitating the dissociation of PML from ND10 and PML's degradation (38) .
A region of ICP0 spanning residues 212 to 427 is involved in the degradation of endogenous PML. Because we had examined the effects that ICP0 truncation mutants have on exogenously expressed PML, we next wanted to determine whether these mutants affected endogenous PML in a comparable manner. Consequently, we analyzed endogenous PML protein levels at 6 hpi in HEL cells (Fig. 3) . The results were generally consistent with those obtained by flow cytometry analysis of PML-GFP ( Fig. 2A and B) . Again, there was a link between the size of each mutant form of ICP0 and its ability to promote the degradation of PML. 7134-and n212-infected cells had PML levels similar to that of mock-infected cells. The n428 mutant form of ICP0 was capable of reducing PML protein levels, although not to same extent as the larger truncated forms of ICP0. This experiment indicated that the first 427 amino acids of ICP0 assist in the degradation of PML by 6 hpi, with the region spanning residues 212 to 427 being required for this function. Furthermore, the residues from 428 to 524 are required for the efficient degradation in these assays.
Subcellular localization of ICP0 truncation mutants. We then infected cells with KOS or each ICP0 truncation mutant for 3, 6, and 9 hpi. For WT ICP0 expressed from KOS, our results matched those of a previous report (45) in which ICP0 localization changes over time from primarily nuclear ICP0 during the initial stages of infection (e.g., 3 hpi) to a mix of nuclear and cytoplasmic ICP0 between 3 and 6 hpi and finally to predominantly cytoplasmic ICP0 at 6 hpi and later (Fig. 4) . When we examined the subcellular localization of the ICP0 truncation mutants, the mutant forms of ICP0 expressed from n525, n680 and n720 were predominantly nuclear at 6 and 9 hpi (Fig. 4) . These mutant forms possess a nuclear localization signal (NLS) (Fig.  1A) , and they did not localize extensively to the cytoplasm later during viral infection as observed for WT ICP0. The n212 and n428 mutant forms of ICP0 were found in both the nucleus and , and 9 h. Cells were fixed, permeabilized, and immunostained for ICP0 and visualized by fluorescence microscopy at ϫ400 magnification.
cytoplasm at 6 and 9 hpi (Fig. 4) . Interestingly, ICP0 expressed from n212 and n428 lacks WT ICP0's NLS, but both proteins were able to diffuse into the nucleus during infection; this localization is likely associated with their apparent molecular masses (i.e., ϳ35 kDa and ϳ58 kDa; see Fig. 7A ), as proteins that are Յ60 kDa have been reported to be capable of diffusing through the nuclear pore (46) . Two N-terminal regions of ICP0 are necessary for ICP0 to dissociate PML and Sp100 from ND10. To determine how these truncated mutant forms of ICP0 affected PML localization over time, we performed immunofluorescence assays in HEL cells. Initially, cells were infected with KOS or each ICP0 truncation mutant for 3, 6, and 9 hpi. We then examined PML and ICP0 staining in virally infected cells at 6 hpi because this time point resulted in Ͼ90% loss of PML staining with WT ICP0. The n720 and n680 ICP0 mutants appeared to be similar to KOS in directing the dissociation of PML (Fig. 5A) , as Յ2% of cells that expressed WT ICP0 or the n720 mutant form or the n680 mutant form of ICP0 stained positive for PML (Fig. 5B) . Limited loss of PML staining was detected in n525-and n428-infected cells, and 8% to 32% of cells that expressed ICP0 were positive for PML (Fig. 5 ). In the case of n212 at 6 hpi, the majority (61%) of cells that expressed this truncated form of ICP0 stained positive for PML (Fig. 5) . Notably, this mutant form of ICP0 partially colocalized with PML by 9 hpi (M. Perusina Lanfranca and D. J. Davido, unpublished data). PML staining of 7134-infected cells was comparable to that of mock-infected cells (Fig. 5A) . To exclude the possibility that the n212 mutant protein was capable of dissociating PML in a delayed manner, infections with n212 were allowed to continue for 12 to 24 hpi; even at these later time points, the n212 truncation was unable to promote the further loss of PML staining. Thus, all truncation mutants were capable of promoting different degrees of PML dispersal from ND10 structures over time. Comparable results for PML staining for all of the truncation mutants were observed with two other PML antibodies (M. Perusina Lanfranca and D. J. Davido, unpublished data), demonstrating the relative specificities and reproducibilities of PML staining by the WT and mutant forms of ICP0 in this assay. Sp100 has been shown to stabilize ND10 by protecting PML from ICP0-mediated degradation while promoting the repression of HSV-1 IE expression (47) . Because the ICP0 mutants showed a spectrum of PML dissociation phenotypes, we then asked how these mutant forms of ICP0 affected the staining of Sp100. Infections were carried out as described for the PML immunofluorescence experiments, and ICP0 and Sp100 staining was monitored at 6 hpi (Fig. 6A) . As previously reported, WT ICP0 expressed from KOS efficiently dispersed Sp100 from ND10 by 6 hpi (Fig. 6)  (32, 48) . The staining profiles of Sp100 for the ICP0 truncation mutant viruses were similar to the results obtained with PML. The n720 and n680 mutant forms of ICP0 were Յ12% positive for Sp100 staining, a range comparable to that seen with WT ICP0 expressed by KOS (Fig. 6 ). There was a gradual increase in Sp100 staining for n525 and n428, where 23% and 29% of the n525-and n428-expressing cells, respectively, were Sp100 positive (Fig. 6) . Most (77%) cells that expressed the n212 mutant form of ICP0 contained Sp100 at 6 hpi (Fig. 6) . 7134-and mock-infected cells maintained punctate Sp100 staining (Fig. 6A) . To confirm our results obtained with Sp100 staining, we tried to examine Sp100 protein levels by Western blot analysis using the same primary antibody as was used in our Sp100 immunofluorescence experi- Within the N terminus of ICP0, a 100-amino-acid region is crucial for the degradation and dissociation of PML from ND10. To define the subregion from amino acids 212 to 427 of ICP0 that is necessary for directing the dissociation and degradation of PML, we generated two new truncation mutants, n312 and n389, which express the first 311 and 388 amino acids of ICP0, respectively (Fig. 1B and 7A ). Using these and other ICP0 mutants (e.g., n428, n212, and 7134), we examined endogenous PML levels in HSV-1-infected or mock-infected HEL cells at 9 hpi by Western blot analysis. We chose to examine PML levels at 9 hpi to determine whether these mutant forms of ICP0 would be capable of directing the degradation of PML if given additional time. As shown in Fig.  7A , all of the ICP0 linker insertion mutants we tested were capable of mediating the loss of PML, with the exception of n212 by 9 hpi. Notably, n312, n389, and n428 significantly directed degradation of PML. In the case of n428, there appeared to be a greater degree of PML degradation at 9 hpi than at 6 hpi (Fig. 4A) . Thus, we have defined the region from amino acids 212 to 311 of ICP0 involved in the degradation of PML by 9 hpi.
Using these ICP0 mutants, we examined the dissociation of PML and Sp100 from ND10 in HSV-1-or mock-infected HEL cells at 6 hpi. Only 0% to 26% of the cells that expressed the n428, n389, and n312 mutant forms of ICP0 stained positive for PML, whereas Ͼ65% of the n212-expressing cells were positive for PML staining ( Fig. 7B and C) . These data largely mirrored our results from the PML Western blots shown in Fig. 7A . When Sp100 immunofluorescence was examined, there was a clear boundary between n428 and the other truncation mutants examined (Fig. 7D  and E) . Specifically, 22% of the cells that expressed the n428 mutant form of ICP0 stained positive for Sp100, whereas 55% to 77% of n389-, n312-, and n212-expressing cells were positive for Sp100 (Fig. 7E) . Furthermore, our immunofluorescence experiments with n389 and n312 indicated that these viral mutants are not as efficient in dissociating Sp100 from ND10 as PML.
Summarizing our results for PML and Sp100 from Fig. 3 to 7 in Table 1 , the first 311 amino acids assist in mediating the dissociation and degradation of PML, whereas the first 427 amino acids of ICP0 promote the dissociation of Sp100 from ND10. Thus, residues from 212 to 311 contribute to ICP0's PML dispersal and degradation activities, given that the truncated n212 form of ICP0 was unable to promote the degradation of PML and efficiently alter the staining of PML. Amino acids 212 to 427 are involved in the dispersal of Sp100 from ND10. Lastly, the C-terminal half of ICP0 (amino acids 428 to 720) facilitates the efficient dissociation of PML and Sp100.
DISCUSSION
ICP0 is a multifunctional protein, and many of its functions have been linked to its E3 ubiquitin ligase activity, which requires its RING-finger domain (49) . The E3 ubiquitin ligase activity of ICP0 has been associated with the proteasome-dependent degradation of several cellular proteins, including PML (30, 32, 38, 39, 48, (50) (51) (52) , Sp100 (32, 38, 50, 53) (63), IFI16 (64, 65) , and E2FBP1 (66), as well as certain SUMOylated targets (67) . Degradation of these targets allows HSV-1 to evade the host's intrinsic and innate responses, thereby facilitating viral replication.
In the current study, we sought to understand how ICP0 mediates the dissociation of PML and Sp100, degradation of PML, and disruption of ND10, as PML, Sp100, and ND10 play important roles in intrinsic and innate immunity (9, 10) . While the RING-finger motif, NLS, and particular regions of the C terminus of ICP0 have been shown to facilitate the dissociation and degradation of PML and Sp100 and the degradation of PML (38, 43) , we hypothesized that other regions or domains in ICP0 are required to impair PML and Sp100 function. This hypothesis was tested in structure-function analyses using a series of progressively shorter ICP0 truncation mutants (Fig. 1) . We observed that there was a gradation in the ability of the mutants to mediate the dissociation of exogenous PML-GFP, the degradation of endogenous PML, and the dissociation of endogenous PML and Sp100 from ND10. Specifically, our studies showed that the smallest truncation mutant, n212, had no effect or limited effects on PML-GFP, PML, and Sp100 staining and did not affect PML levels (Fig. 2 to 7 ) by 6 or 9 hpi. This mutant form of ICP0 has been reported to possess E3 ubiquitin ligase activity in vitro (42) . Thus, our data indicate that the first 211 amino acids of ICP0 are partially capable of dispersing PML but do not mediate its degradation, suggesting that these two activities of ICP0 are not entirely coupled. In contrast, n428 moderately affected PML-GFP, PML, and Sp100 staining and PML levels. The remaining viral mutants, n525, n680, and n720, showed efficiency that was similar to or greater than that of n428, which does not contain the NLS of ICP0, with respect to these activities of ICP0 (Fig. 1A) . Thus, it is possible that the predominantly nuclear localization of the n525 and n720 mutant forms of ICP0 facilitates its ND10-disrupting activities (Fig. 4) . Notably, the PML and Sp100 staining profiles and PML levels of these ICP0 mutants largely correlate with their respective transactivation, complementation, and replication phenotypes (Table 1) (1, 3) . With the addition of ICP0 mutants n312 and n389, we were able to better define the boundaries of ICP0 that result in the loss of PML protein levels and PML and Sp100 staining. Overall, our data indicate that there is a minimal region of ICP0 (amino acids 1 to 311) that directs the dispersal and degradation of PML and which lies within the minimal region (amino acids 1 to 427) of ICP0 that dissociates Sp100 from ND10; the residues from 212 to 311 and 212 to 427 are required for their respective functions.
In addition to the ICP0 structure-function analyses highlighting the importance of other motifs/regions in ICP0 (i.e., RINGfinger, NLS, and C terminus) in facilitating the dissociation and degradation of ND10 components, a recent study by Cuchet-Lourenço et al. indicated that ICP0 can interact with a particular isoform of PML (i.e., PML I) in coimmunoprecipitation assays (39) . Those same investigators established by yeast two-hybrid assays that the N-terminal 388 amino acids of ICP0 interact with PML and that the residues from 242 to 388 are necessary for this interaction. The domain required for PML dissociation and degradation (amino acids 212 to 311) maps to this region of ICP0, suggesting that residues from 241 to 311 of ICP0's N terminus participate in the binding of at least one isoform of PML to mediate the ubiquitination, degradation, and dissociation of PML from ND10. Also, our ICP0-Sp100 data indicate that an additional region in ICP0 (residues 212 to 427) is required for the dissociation of Sp100, implying that ICP0 regulates the dispersal of Sp100 by mechanisms other than or in addition to those required for PML.
As previously mentioned, our mapping studies identified amino acids 212 to 311 as playing an important role in the dissociation and degradation of PML, whereas residues from 212 to 427 facilitate the dissociation of Sp100. In addition to the aforementioned PML interaction domain, functional motifs within the larger (residues 212 to 427) of the two domains of HSV-1 ICP0 (see Fig. 1A ) include the two phosphorylated regions (region I [residues 224 to 232] and region II [residues 365 to 371]) (68, 69), a SUMO-interacting motif (SIM) (SLS-4; residues 362 to 364) (30) , and a binding site for the E3 ubiquitin ligase, SIAH-1 (residues 401 to 410) (70) . Of these motifs, only phosphorylated region I lies within the required PML dissociation/degradation domain of ICP0 (residues 212 to 311). Mutation of phosphorylated regions I and II of ICP0 in the absence of other viral factors diminished the E3 ubiquitin ligase and/or altered the ND10-disrupting activities of ICP0 (69) . Furthermore, viral mutants containing these mutations (i.e., Phos 1 and Phos 2) were impaired for viral replication in cell culture and/or mice (69, 71) . Mutation of the ICP0 SIM, SLS-4, diminished the complementation and reactivation capabilities of ICP0, especially when this mutation was expressed in truncated forms of ICP0 (residues 1 to 396 and 1 to 594) (30). In the case of SIAH-1, its depletion increased the stability of ICP0, and an ICP0 SIAH-1 binding site mutant in HSV-2 had a modest decrease in viral replication (70) . For the PML-and Sp100-associated activities of ICP0, we speculate that these motifs likely serve collective or redundant roles and thus that their individual contributions are apparent only when expressed in the Nterminal fragment of ICP0. Future experiments will address this possibility. Furthermore, while we have discovered that there are minimal regions of ICP0 that regulate these activities, our results also suggest that other regions/domains from amino acids 428 to 775 facilitate PML and Sp100 dispersal, PML degradation, and ND10 disruption. We propose that these additional domains in the C terminus, besides the NLS, stabilize the binding of ICP0 to its target proteins, including PML, for ubiquitination. It is known that ICP0 can preferentially target SUMO-conjugated proteins such as PML and Sp100 for proteasomal degradation (30) . Furthermore, ICP0 contains several known SIMs, which appear to be redundant in function (30) . Thus, SUMO-SIM interactions are linked to ICP0 functions, as PML and Sp100 are modified by SUMO, and PML, Sp100, and other ND10 constituents contain SIMs that are necessary for their recruitment to sites of incoming HSV-1 genomes (30, 31, 39, 72) . Ultimately, all of these interactions contribute to ICP0's multifaceted role in impairing the host's intrinsic antiviral response.
